DSBs are highly cytotoxic and require the assembly of DNA-damage signaling complexes and the DSB-repair machinery at DNA breaks 1 . In the C. elegans germ line, DSBs are repaired primarily by homologous recombination (HR) 2 . After initial processing of the damaged site, RAD-51 accumulates on single-stranded DNA (ssDNA) overhangs and mediates strand invasion into the undamaged template, thus facilitating recombination and repair. Ultimately, cruciform recombination intermediates called Holliday junctions (HJ) are formed 3 . HJs are processed by two major pathways: (i) HJ dissolution via the combined action of the Bloom's syndrome helicase and the topoisomerase TopoIIIα (ref. 4) or (ii) HJ resolution by nucleases acting as resolving enzymes 5 . Although HJ dissolution predominates in most systems 6, 7 , in C. elegans the GEN-1 resolvase is needed for completion of HR repair of DSBs 8 . The resolution of HR intermediates is important for the apoptotic response to DSBs, because GEN-1 and HJ-processing factors are required for DNA-damage-induced programmed cell death. Although the mechanisms for such regulation are not yet known, the C-terminal noncatalytic domain of GEN-1 appears to be important for DNA-damage signaling 8, 9 . The apoptotic response to persistent DSBs facilitates the removal of germ cells in C. elegans when DSBs or meiotic-recombination intermediates are not repaired, and it occurs in the meiotic pachytene zone of the nematode germ line 10 . DNA-damagecheckpoint signaling leads to the activation of the C. elegans p53 homolog CEP-1 and the subsequent induction of apoptosis 11, 12 . CEP-1 (p53) becomes available in the late pachytene region of the germ line, thus leading to the apoptosis competency of these germ cells. CEP-1 expression in earlier stages of meiosis is translationally repressed by the conserved mRNA-binding protein GLD-1 (ref. 13). Thus, apoptosis is initiated only when aberrant meiotic-recombination intermediates or ionizing radiation (IR)-induced DSBs persist in late pachytene cells. However, it remains unclear how DNA-damage processing by recombination repair is coordinated with the apoptosis pathway, thereby allowing sufficient time to resolve HR intermediates.
a r t i c l e s DSBs are highly cytotoxic and require the assembly of DNA-damage signaling complexes and the DSB-repair machinery at DNA breaks 1 . In the C. elegans germ line, DSBs are repaired primarily by homologous recombination (HR) 2 . After initial processing of the damaged site, RAD-51 accumulates on single-stranded DNA (ssDNA) overhangs and mediates strand invasion into the undamaged template, thus facilitating recombination and repair. Ultimately, cruciform recombination intermediates called Holliday junctions (HJ) are formed 3 . HJs are processed by two major pathways: (i) HJ dissolution via the combined action of the Bloom's syndrome helicase and the topoisomerase TopoIIIα (ref. 4) or (ii) HJ resolution by nucleases acting as resolving enzymes 5 . Although HJ dissolution predominates in most systems 6, 7 , in C. elegans the GEN-1 resolvase is needed for completion of HR repair of DSBs 8 . The resolution of HR intermediates is important for the apoptotic response to DSBs, because GEN-1 and HJ-processing factors are required for DNA-damage-induced programmed cell death. Although the mechanisms for such regulation are not yet known, the C-terminal noncatalytic domain of GEN-1 appears to be important for DNA-damage signaling 8, 9 . The apoptotic response to persistent DSBs facilitates the removal of germ cells in C. elegans when DSBs or meiotic-recombination intermediates are not repaired, and it occurs in the meiotic pachytene zone of the nematode germ line 10 . DNA-damagecheckpoint signaling leads to the activation of the C. elegans p53 homolog CEP-1 and the subsequent induction of apoptosis 11, 12 . CEP-1 (p53) becomes available in the late pachytene region of the germ line, thus leading to the apoptosis competency of these germ cells. CEP-1 expression in earlier stages of meiosis is translationally repressed by the conserved mRNA-binding protein GLD-1 (ref. 13) . Thus, apoptosis is initiated only when aberrant meiotic-recombination intermediates or ionizing radiation (IR)-induced DSBs persist in late pachytene cells. However, it remains unclear how DNA-damage processing by recombination repair is coordinated with the apoptosis pathway, thereby allowing sufficient time to resolve HR intermediates.
To better understand how the apoptotic response to DSBs is regulated, we performed a genetic screen in C. elegans for defects in IR-induced germ-cell apoptosis. RNA interference (RNAi) knockdown and genetic mutation of ufd-2 resulted in a decreased apoptotic response. We found that after initiation of HR by the recombinase RAD-51, UFD-2 formed foci that we defined as ubiquitination hubs because they also contained substrate CDC-48, ATX-3 and proteasomes. In the absence of UFD-2 or its catalytic activity, RAD-51 foci persisted. Similarly to ufd-2 deficiency, elevated RAD-51 levels resulted in reduced apoptosis. When the resolution of HJs was hampered by the absence of GEN-1, MUS-81 or XPF-1, UFD-2 foci persisted. Formation of UFD-2 foci required not only RAD-51 but also proapoptotic signaling through CEP-1 (p53). We therefore propose that UFD-2-specific ubiquitination hubs link proapoptotic and DNA-repair signaling, thereby coordinating the apoptotic response with ongoing DSB-repair activity.
RESULTS

Ligase activity of UFD-2 triggers DSB-induced apoptosis
To identify new regulators of the apoptotic response to DNA damage, we performed an RNAi screen targeting 770 genes whose 9 9 6 VOLUME 23 NUMBER 11 NOVEMBER 2016 nature structural & molecular biology a r t i c l e s transcription is enriched in the C. elegans germ line 14 (Fig. 1a) . We focused on those candidate genes because in C. elegans DNA-damageinduced apoptosis occurs only in germ cells 10, 15 . We identified the E4 ubiquitin ligase UFD-2 as the most prominent hit resulting from our screen. RNAi against ufd-2 led to a dose-dependent decrease in IR-induced apoptosis (Fig. 1b) , a phenotype confirmed by analysis of the two different null alleles ufd-2(tm1380) and ufd-2(hh1) (Fig. 1c,d ). In contrast, neither developmental apoptosis, which occurs during the somatic development of the worm, nor physiological germ-cell apoptosis, a background germ-cell apoptosis that occurs independently of DNA damage, was defective in ufd-2 mutants (Supplementary Fig. 1a,b) .
UFD-2 participates in the ubiquitin fusion degradation (UFD) pathway, which was first identified in budding yeast 16 . Substrate ubiquitination involves E1 ubiquitin-activating enzymes, E2 ubiquitinconjugating enzymes and E3 ubiquitin ligase enzymes. UFD-2 defines a class of so-called E4 enzymes, which further elongate preexisting ubiquitin chains and facilitate efficient proteasomal degradation [17] [18] [19] [20] . UFD-2 preferentially targets lysine residues 29 and 48 of ubiquitin for autoubiquitination (Supplementary Fig. 1e) . A P951A point mutation in the U-box domain completely blocks the ligase activity of UFD-2 (ref. 21) (Fig. 1e) . To determine whether UFD-2 catalytic activity is required for DNA-damage-induced apoptosis, we transgenically expressed UFD-2::GFP or UFD-2 P951A ::GFP in the germ line of the wild-type or the ufd-2-deletion background. Importantly, UFD-2::GFP expression fully restored the apoptotic DNA-damage response in ufd-2(tm1380) mutant animals (Fig. 1f) . In contrast, the catalytically dead mutant UFD-2 P951A ::GFP showed strongly reduced apoptosis after treatment with 60 Gy IR, to a level comparable to that of the ufd-2-deletion mutant. Overexpression of UFD-2 P951A ::GFP in the wild-type background also caused defective apoptosis, thus indicating that the inactive U-box mutant has a dominant-negative response to DNA damage (Fig. 1f) .
UFD-2 forms focal accumulations after DSB induction
To determine in vivo localization, we raised polyclonal antibodies that specifically recognize UFD-2 and performed western blot analysis and immunofluorescence staining ( Fig. 2a and Supplementary  Fig. 2a ). Using immunostaining, we found that under unperturbed conditions the protein was evenly distributed in the C. elegans germline syncytium ( Supplementary Fig. 2b) . Starting in the late pachytene, UFD-2 accumulated at the nuclear periphery, thus resulting in a ring-shaped staining pattern. After IR treatment, UFD-2 foci of varying size and number became detectable within the nucleoli (Fig. 2a,b and Supplementary Fig. 2b) . We confirmed the pattern of antibody staining by GFP-tagged UFD-2 transgenes (Fig. 2c,d ). These UFD-2 foci were present in the mitotic zone (data not shown) as well as in the mid-to-late pachytene zone of the germ line after IR (Supplementary Fig. 2b ).
Given our interest in apoptosis, we focused on the formation of UFD-2 foci in the pachytene region. Pachytene cells elicit DNA-damageinduced apoptosis after DNA-damage-checkpoint activation, whereas mitotic nuclei in the distal germline compartment are subjected to cell-cycle arrest 10 . In contrast to the IR-induced apoptosis defect, a r t i c l e s we found that cell-cycle arrest was normally induced in ufd-2-mutant animals (this observation resulted from scoring the number of mitotic nuclei that were enlarged because of continuous growth of cellular and nuclear compartments in the absence of cell division; Supplementary Fig. 1c,d ) 10, 22 , thus suggesting that the DNA-damage checkpoint was functional in general. Unlike IR-induced RAD-51 repair foci, which accumulated immediately after damage induction, UFD-2 foci were not yet detectable 5 h after damage ( Supplementary Fig. 2c ).
We therefore scored formation of UFD-2 foci 24 h after IR, a time point concurrent with full apoptosis activation 10 , by using both antibodies and GFP transgenes. The number of foci observed in pachytene cells increased from 0-5 foci per germ line to more than 15 foci after treatment with 60 Gy of IR ( Fig. 2a-d and Supplementary Fig. 2b,c) . Unexpectedly, the ubiquitin ligase mutant was equally efficient as the wild-type ligase in forming UFD-2 foci (Fig. 2c,d ). Together, these data indicate that UFD-2 ligase activity is required to trigger DNA-damage-induced apoptosis ( Fig. 1f) , but is not necessary for the formation of UFD-2 foci (Fig. 2c,d ).
Ubiquitin signaling fine-tunes the apoptotic response
Given that UFD-2 triggers protein degradation 16, 17, 23 , we examined whether factors associated with the ubiquitin-proteasome system (UPS) might associate with UFD-2 foci 17, 24, 25 . Hence, we analyzed ubiquitin localization 24 h after irradiation. In fact, an antibody recognizing conjugated mono-and polyubiquitin chains stained UFD-2 foci ( Fig. 3a and Supplementary Fig. 3e ). Additional staining experiments detected colocalization of the proteasome and the ubiquitin-selective segregase CDC-48 with UFD-2 foci (Fig. 3a) . Among other processes, CDC-48 (p97) has been shown to coordinate the degradation of chromatin-associated proteins during DNA replication or DNA repair by extracting ubiquitinated substrate proteins from higherorder complexes [26] [27] [28] . Because CDC-48 has been shown to interact with UFD-2 (ref. 20) , we asked whether the interaction might be necessary for UFD-2-dependent apoptotic signaling. Transgenic overexpression of UFD-2 C448Y ::GFP, a mutant that has ligase activity but is not able to interact with CDC-48 (ref. 29) , led to the formation of UFD-2 foci even without IR treatment ( Supplementary  Fig. 3f-j) . However, UFD-2 C448Y ::GFP did not rescue the apoptosis phenotype displayed by ufd-2-deletion worms (Fig. 3g) , thus suggesting that, in addition to ligase activity, the interaction with CDC-48 is a prerequisite for the apoptotic function of UFD-2. CDC-48 has been demonstrated to guide ubiquitin-chain topology by coordinating different substrate-processing enzymes, such as UFD-2 and the deubiquitination enzyme ATX-3 (ref. 20) . Intriguingly, we also found that ATX-3 localized to UFD-2 foci ( Fig. 3a and Supplementary  Fig. 3c,d ), thus indicating an orchestrated action of UFD-2, ATX-3 and CDC-48 at ubiquitination hubs triggered by DNA damage. The ubiquitination activity of UFD-2 was dispensable for the recruitment of the proteasome, ATX-3 and CDC-48 ( Fig. 3b) . In contrast, apoptosis induction required the catalytic activity of UFD-2 as well as its interaction with CDC-48 (Figs. 1e,f and 3g).
Given that in yeast and humans, Ufd2 and UBE4B, respectively, mediate the elongation of preformed ubiquitin chains, we tested whether UFD-2 cooperates with the E3 ligase HECD-1, the ortholog of budding yeast Ufd4 and human HECTD1 or TRIP12, thereby triggering DNA-damage-induced apoptosis 17, [30] [31] [32] . Indeed, loss of HECD-1 prevented formation of UFD-2 foci, thus suggesting ubiquitin-dependent recruitment of UFD-2 ( Fig. 3c,d) . The decreased apoptosis in hecd-1 mutants suggested that UFD-2 focal accumulation may have a role in response to DNA damage (Fig. 3e) . The apoptosis defect was even more pronounced in ufd-2 and hecd-1 double mutants, thus indicating that the activity of both enzymes is required to achieve apoptosis (Fig. 3e) . In contrast, the deubiquitination enzyme ATX-3 counteracted UFD-2 recruitment, and both formation of UFD-2 foci and apoptosis were increased in atx-3 mutants (Fig. 3c,d,f) . Accordingly, the excessive DNA-damage-induced apoptosis in atx-3 mutants was suppressed in ufd-2 and atx-3 double-mutant worms (Fig. 3f) . The number of ubiquitin foci per germ line was decreased in hecd-1 mutants, whereas it was increased in atx-3 mutants (Fig. 3c,d and Supplementary Fig. 3k ). This observation suggests that the formation of UFD-2 foci is ubiquitin dependent and determined by ubiquitin-mediated recruitment signals fine-tuned by HECD-1 and ATX-3. We therefore conclude that the apoptotic response to DNA damage is coordinated by ubiquitination signals defined by UFD-2 in cooperation with HECD-1 and ATX-3.
UFD-2 supports RAD-51 dissociation from DNA-repair sites
Next we analyzed whether UFD-2 also affects the DNA-repair process in addition to apoptosis. In contrast to DSB induction by IR, UV irradiation did not result in the formation of UFD-2 foci, a result consistent with a specific role of UFD-2 in responding to DSBs (Supplementary Fig. 3a) . We also found that, in line with this observation, RPA-1::GFP and BRD-1::GFP HR fusion proteins 33, 34 accumulated in UFD-2 foci 24 h after IR treatment (Fig. 4a,b) . Furthermore, IR of L4-stage ufd-2-mutant larvae resulted in reduced embryonic survival in the subsequent generation (Supplementary Fig. 3b) .
To establish whether ufd-2 promotes the processing of DNA-repair intermediates, we analyzed the kinetics of RAD-51 foci. Whereas a r t i c l e s both wild-type and ufd-2 mutants accumulated an equal amount of RAD-51 positive nuclei 1 h after IR, twice as many RAD-51-stained nuclei persisted 16 h later in ufd-2 mutants (Fig. 4c,d ). This delay in RAD-51 foci dissociation that temporally coincided with formation of UFD-2 foci suggested that UFD-2 contributes to the resolution of repair intermediates. Figure 1d ; n = 39-52 animals (e), 38-51 animals (f) and 34-74 animals (g) (exact values in Supplementary Table 1) ; data from 3 independent experiments. a r t i c l e s
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UFD-2 acts downstream of proapoptotic signaling
We next sought to further investigate the role of the DSB-repair process in formation of UFD-2 foci (Fig. 4a) . Impairment of HR in rad-51-deletion-mutant worms blocked formation of UFD-2 foci (Fig. 5b) . In contrast, rad-54-deletion mutants, which were defective in removal of RAD-51 from DNA during HR repair 35 , exhibited an accumulation of UFD-2 foci (Fig. 5b) . The nucleases GEN-1, MUS-81 and XPF-1 are required for the resolution of HJs in order to complete the HR repair process of IR-induced DSBs 8, 36, 37 . Deletion of the gen-1, mus-81 and/or xpf-1 HJ-processing enzymes also led to focal accumulation of UFD-2 ( Fig. 5c and Supplementary Fig. 4a) . Notably, mus-81-and xpf-1-mutant animals also showed elevated numbers of UFD-2 foci in the absence of IR-induced DSBs, a result consistent with the function of MUS-81 and XPF-1 in meiotic HJ resolution 36, 37 . These results indicate that HR must commence in order for UFD-2 foci to form, and the foci persist until HR is completed (Fig. 5b,c) .
Because ufd-2-mutant worms displayed decreased apoptosis, we assessed whether apoptotic signaling might be affected in ufd-2-mutant worms. The apoptotic core machinery is conserved between C. elegans and mammals. The p53 homolog CEP-1 induces transcription of the two BH3-only proteins EGL-1 and CED- 13 (refs. 13,38) , which bind to the only Bcl2-like protein, CED-9. As a consequence, the inhibitory effect of CED-9 on the Apaf1-like CED-4 is alleviated, and CED-4 activates the caspase CED-3, which in turn executes cell death 39 (Fig. 5a) . In view of the ubiquitin ligase activity, we tested whether CEP-1 protein might accumulate after DNA damage in the absence of UFD-2. However, in wild-type and ufd-2-mutant worms, CEP-1 protein was equally expressed after 60-Gy irradiation (Supplementary Fig. 4b-d) . Additional evaluation of mRNA transcripts of the CEP-1-target gene egl-1 showed a comparable transcriptional regulation in both genotypes 4 and 24 h after damage infliction (Supplementary Fig. 4d) .
Having established that CEP-1 activation occurs independently of ufd-2, we wondered whether the formation of UFD-2 foci might be dependent on CEP-1. Strikingly, loss of CEP-1 prevented the formation of UFD-2 foci after IR (Fig. 5d) , whereas UFD-2 protein expression remained unaffected (Supplementary Fig. 5b ). Moreover, a double mutant of the two proapoptotic CEP-1 effectors, egl-1 and ced-13, which has defects in DNA-damage-induced apoptosis that are similar to those of cep-1 mutants 40 , mimicked the cep-1 defect in formation of UFD-2 foci after DNA damage ( Fig. 5d and Supplementary  Fig. 5a ). To further confirm a direct role of CEP-1 in the formation of UFD-2 foci, we enhanced CEP-1 activity by using a gld-1(op236) mutation, which has previously been shown to increase CEP-1 levels 13 . The gld-1 mutants indeed displayed strongly elevated UFD-2 foci, thus supporting the idea that CEP-1 promotes UFD-2 focal accumulation. The cep-1 and gld-1 double mutant and wild-type germ cells displayed a similar number of UFD-2 foci (Fig. 5d and  Supplementary Fig. 5a ). One potential explanation for the failure of cep-1 to completely suppress foci formation in gld-1 might be the numerous additional target mRNAs of GLD-1 (refs. 41, 42) . Notably, the failure of cep-1 to initiate apoptosis does not affect repair activity, because IR-induced embryonic lethality has previously been shown to remain unaffected 13 . Furthermore, we found that the disassembly of RAD-51 foci 16 h after damage induction was as efficient in cep-1 and gld-1 mutants as in wild type (Supplementary Fig. 5c ). In contrast to the loss of CEP-1 signaling, formation of UFD-2 foci was unaltered in apoptosis-deficient ced-3-and ced-4-mutant worms (Fig. 5d) , thus emphasizing the necessity of CEP-1 activity, rather than the apoptotic process in general, in the formation of UFD-2 foci. These results suggest that UFD-2 acts downstream of the proapoptotic signaling cascade.
Resolution of RAD-51 is linked to apoptotic signaling
We next sought to investigate the role of UFD-2 in the removal of RAD-51 foci and its effect on apoptosis. Germline-specific expression of UFD-2::GFP in transgenic ufd-2-deletion mutants rescued the delay a r t i c l e s of RAD-51 removal from DNA (Fig. 6a) . Increased RAD-51 retention occurred in worms moderately overexpressing RAD-51::GFP after 24 h of IR, compared with wild-type worms (Fig. 6a) . Importantly, the retention of RAD-51 filaments either by loss of ufd-2 or by RAD-51 overexpression strictly correlated with decreased apoptosis levels (Fig. 6b) . Despite the elevated RAD-51 protein levels, the GFP transgenic line possessed a normal repair capacity, as assessed on the basis of embryonic survival after IR, thus suggesting that the decreased apoptosis is not related to enhanced removal of DSBs ( Supplementary  Fig. 6a ). In contrast, the atx-3 mutant, which displayed increased UFD-2 foci and apoptosis after DNA damage, showed decreased RAD-51 retention 16 h after IR (Supplementary Fig. 6b ). To test whether elevated RAD-51 levels might directly account for the decreased apoptosis observed in ufd-2 mutants or after overexpression of RAD-51, we depleted RAD-51 by RNAi knockdown. Indeed, rad-51 RNAi in ufd-2-mutant or RAD-51::GFP-expressing worms reverted the apoptosis defect after IR treatment (Fig. 6c) . Importantly, rad-51 RNAi also resulted in decreased embryonic survival after IR in wild-type and rad-51-mutant worms (Supplementary Fig. 6c ).
We further validated the role of RAD-51 filaments in suppressing the apoptotic response by inhibition of RAD-51-filament formation with the RAD-51 inhibitor B02 (ref. 43) . Similarly to the effects of decreased RAD-51 levels, treatment with B02 reverted the apoptosis phenotype of ufd-2-deletion mutants or the RAD-51-overexpression line (Fig. 6d) , thus suggesting that RAD-51 accumulation directly antagonizes apoptotic signaling. Moreover, rad-51-heterozygous mutants with decreased RAD-51 levels showed reversion of the apoptosis defect of ufd-2 mutants (Fig. 6e) . In summary, these observations support the idea that UFD-2 contributes to the resolution of DNA-repair sites and that retention of RAD-51 filaments leads to inhibition of apoptosis (Fig. 6f) .
DISCUSSION
In this study, we uncovered a ubiquitin-dependent process that facilitates the communication between DNA repair and the apoptotic response. We identified the E4 ubiquitin ligase UFD-2 as a central regulator of the spatiotemporal coordination of both processes. Our data suggest that defects preventing the timely progression of HR either by failure to resolve HJs, as previously demonstrated 8, 9 , or by aberrant retention of RAD-51 foci at the chromatin, caused by loss of UFD-2, as shown here, halt the apoptotic response. In contrast, RAD-51-filament assembly and proapoptotic signaling by the p53 tumor-suppressor homolog CEP-1 are both required for the formation of UFD-2-specific hubs, which we defined on the basis of the presence of proteolytic factors of the UPS machinery (Fig. 6f) . We propose that these degradation hubs calibrate the progression of the DNArepair machinery with apoptotic activity via modulation of ubiquitin signaling. Such a calibration might provide additional time for ongoing HR repair when CEP-1-dependent apoptotic signaling has already been triggered. Indeed, CEP-1 activity can be detected within the Figure 1d ; n = 30-47 animals (c), 28-69 animals (d) and [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] animals (e) (exact values in Supplementary Table 1) ; data from 3 independent experiments. (f) Model for the coordination between HR and apoptotic signaling by UFD-2. DSB repair triggers RAD-51 accumulation at ssDNA, thus facilitating homology pairing. After efficient strand invasion, RAD-51 is removed, and HJs are resolved by HJ-processing enzymes (GEN-1, MUS-81 and XPF-1). UFD-2 supports RAD-51 dissociation from DSBs at advanced time points. Ongoing repair is reflected by the presence of UFD-2-containing hubs late after IR. These ubiquitination hubs contain processivity factors such as CDC-48 and proteasomes (not shown). Interaction between UFD-2 and CDC-48 is necessary to transduce a proapoptotic signal. UFD-2 hub formation is fine-tuned by the E3 ligase HECD-1, the DUB ATX-3 and proapoptotic CEP-1 (p53) signaling. Het, heterozygous.
a r t i c l e s first hour after IR treatment 40 , whereas the rapidly formed RAD-51 foci are turned over in the course of 24 h. To prevent the premature demise of cells that are engaged in the process of repairing DSBs, the simultaneous presence of proapoptotic signaling and ongoing HR requires coordination, which we propose is orchestrated at the HRrepair sites through the UFD-2 ubiquitination hubs, which might provide regulatory feedback to the apoptotic signaling, depending on the status of the damage removal. The fine-tuning of ubiquitin-chain topology by the concerted action of UFD-2, the E3 ligase HECD-1 and the hydrolase ATX-3 at HR sites might constitute a versatile signaling tool that enables communication between the apoptotic response and DNA damage (Fig. 6f) . Because the E3 ligase HECD-1 is required for UFD-2-hub formation and for apoptosis, we propose that E4 activity 17, 31, 44 provides an additional layer of regulation by modifying ubiquitin-chain topology. The human E4 homolog UBE4B cooperates similarly with the HECT domain E3 ligase TRIP12 in substrate ubiquitination, thus suggesting the existence of a conserved signaling pathway 30 . In support of this possibility, TRIP12 fine-tunes ubiquitin-controlled events at DSBs 45 , and recent reports have linked UBE4B to different cancer types, thereby highlighting the relevance of ubiquitin signaling in the decision between DNA-damage and apoptosis responses [46] [47] [48] [49] . Disassembly of RAD-51 filaments might involve the ubiquitinselective segregase CDC-48 (p97), which has recently been implicated in the degradation of chromatin-associated proteins 26, 27 . Moreover, Cdc48 has been shown to limit RAD51 occupancy on DNA 50 . In agreement with this notion, CDC-48 binding is required for UFD-2 to trigger DNA-damage-induced cell death (Fig. 3g) . Defects in DNA repair and apoptosis are particularly relevant in tumor formation. Thus, understanding the conserved role of UFD-2 and UBE4B in response to IR-induced DNA damage might provide new therapeutic directions for drug development and cancer treatment.
METHODS
Methods and any associated references are available in the online version of the paper. 
